Hybrid (bimetallic or alloy) nanoparticles have attracted a lot of attention because of their potential applications in many industrial processes, including efficient catalysts and cell electrodes. [1] [2] [3] [4] [5] [6] [7] Their chemical and physical properties greatly depend on the relative composition of the constituent metals, their size and surface structure. [8] [9] [10] Much effort has been devoted to producing different types of bimetals by varying different preparation methods. [11] [12] [13] [14] [15] [16] By adding an appropriate metal to another metal, it is often possible to achieve an enhancement in the catalytic, electrical and other property of the bimetallic material. [17] [18] [19] [20] Gold is one of the most popular metals that has played an important role in improving the properties of bimetallic nanoparticles. For example, it was found that the deactivation process (known as catalyst poisoning) of Ni catalysts for a steamreforming reaction can be minimized by adding a small amount of Au onto Ni. 4, 21 In the acetoxylation reaction of ethylene to produce vinyl acetate, Chen et al. found that the catalytic activity of Pd could be greatly enhanced upon addition of a small amount of Au. 19 The change in chemical properties of Pd such as catalytic activity has been attributed to geometric and/or electronic effects produced by the second metal. 9, 10, 19 The addition of another metal can therefore be used to introduce new desirable properties in catalysts or electronic electrodes.
In the present work, we electrodeposit Cu nanoparticles on Au nanoislands (NIs) and study the changes in the electronic properties of Cu nanoparticles on bare and functionalized Au NIs. Although the noble metals Cu and Au both exhibit the same (n-1)d 10 ns 1 electron configuration, Cu nanoparticles are easily oxidized while the Au support is fairly inert. Here, we demonstrate that Cu nanostructures could be made highly resistant to oxidation by modifying the Au NI substrate with 1,4-phenylene diisocyanide functionalization. It has been reported that the isocyanide (-N + ≡C − ) group in an aromatic isocyanide (Ar-N + ≡C − ) strongly binds to both Au and Cu surfaces. In particular, Sohn and White found that σ-bonded linear Ar-N≡C-Au and σ/π-bonded bent Ar-N=C=Cu forms are dominant for Au(111) and Cu(111) surfaces, respectively. 22 The present work demonstrates, for the first time, that appropriate functionalization of the metallic substrate by an isocyanide group could significantly affect the properties of the second metal in a bimetallic nanosystem.
Experimental
The electrochemical deposition of Cu on a Au NI template was performed in a conventional three-electrode cell using a CH Instruments 2 ), p-type Si(100) chip (0.4-mm-thick, with a resistivity of 1.0-1.5 m · cm) was used as the support for preparing the Au NI template by sputterdeposition of Au using a magnetron sputter-coater (Denton Desk II) followed by thermal annealing. Details about controlling the size of the Au NIs by varying the sputter-deposition time and the post-annealing temperature have been given in our recent work. 23 The resulting Au NI template, with size-controllable Au NIs, was then used as the working electrode for the Cu electrodeposition. In addition to the pristine Au NIs, the Au NIs were also functionalized by dipping in a 1.0 mM 1,4-phenylene diisocyanide (PDI, − C≡N + -C 6 H 4 -N + ≡C − , 99% purity, Sigma-Aldrich) toluene solution for 12 h, followed by thorough rinsing with fresh toluene. Before PDI functionalization or direct Cu deposition, the bare Au NI template was dipped in a 1% HF solution for 30 s to reduce the thick Si oxide layer arising from the post-annealing step in synthesizing the template. 23 Cu was deposited on both the pristine Au NIs and the PDI-functionalized Au NIs potentiostatically by amperometry in a deoxygenated 10.0 mM Cu(SO 4 ) 2 · 6H 2 O aqueous electrolyte solution mixed with 100 mM NaClO 4 used as a supporting electrolyte. After the electrodeposition at an applied potential of −0.6 V (vs. Ag/AgCl) for 10 s, we thoroughly rinsed the sample with Millipore water, and dried under nitrogen stream before further analysis. No S, Cl, and Na from the residual electrolytes were detectable by X-ray photoelectron spectroscopy.
The surface morphology and elemental composition were characterized by scanning electron microscopy (SEM) and energy-dispersive X-ray analysis, respectively, in a LEO field-emission scanning electron microscope. The chemical-state composition of the sample was analyzed by X-ray photoelectron spectroscopy (XPS) as a function of Ar ion sputtering time. The XPS depth-profiling experiments were performed by using a Thermo-VG Scientific ESCALab 250 microprobe with a monochromatic Al Kα X-ray source (1486.6 eV) and a typical energy resolution of 0.4-0.5 eV full width at half maximum (fwhm). The Ar ion sputtering was conducted over a rastered sample area of 3×3 mm 2 at 3.0 keV ion beam energy and a sample current density of 0.3-0.4 μA mm −2 .
Results and Discussion Figure 1 shows the SEM images of bare Au NIs on Si(100) (with a size distribution of 20-100 nm), 23 and the Cu nanoparticles electrodeposited on Au NIs without and with PDI functionalization at −0.6 V (vs. Ag/AgCl) for 10 s. Because a very thick Si oxide layer often formed during the post-annealing step in the preparation of the Au NIs, Cu could not be efficiently electrodeposited on the Au NIs. To overcome this, we reduced the thickness of the oxide layer by dipping in a 1% HF solution for 30 s. By controlling the thickness of the oxide layer, we were able to deposit Cu mainly onto the Au NIs and scarcely on the less conducting oxidized Si surface. On the bare Au NIs ( Figure 1A ), distorted cuboid Cu nanoparticles are found to completely cover the entire Au NIs, creating the appearance of a distorted nanoparticle cluster ( Figure 1B ). Upon PDI-functionalization of the Au NIs, the amount of deposited Cu nanoparticles is found to be reduced noticeably (not shown) and not all the Au NIs are completely covered by the Cu nanoparticles ( Figure 1C ). Furthermore, increasing the deposition time caused the Cu nanoparticles (seen as the brighter spots marked in broken circles in Figure 1D ) on the PDI-functionalized Au NIs to grow bigger, along with an increase in the number density. Without the Au NIs, Cu could also be electrodeposited efficiently on a H-terminated or native-oxide covered Si substrate. 24 As described in our recent work, 25 the shapes and sizes of the electrodeposited Cu nanoparticles could be controlled by precisely changing the electrolyte concentration and deposition time (for a given deposition potential). Figure 2 shows the corresponding depth-profiling XPS spectra of the Cu 2p 3/2 , Cu LMM Auger, O 1s, and Au 4f regions of Cu nanoparticles electrodeposited on bare and PDI-functionalized Au NIs (shown in Figures 1B and 1C , respectively). For the as-deposited Cu nanoparticles on bare Au NIs (before Ar ion sputtering, Figure 2 upper), the dominant Cu 2p 3/2 peak at 932.8 (±0.1) eV can be assigned to Cu 2 O (cuprous oxide) and/or metallic Cu, 25 while the considerably weaker feature at 934.7 eV, with its corresponding shake-up peak at ∼942.0 eV (not shown), is attributed to CuO (cupric oxide). [26] [27] [28] [29] The binding energy (BE) of the Cu 2p 3/2 feature for CuO is ∼2 eV higher than those for Cu 2 O and Cu, with the BE difference between the latter two found to be negligibly small. 26 To discriminate Cu 2 O from Cu, we examine the corresponding Cu LMM Auger and O 1s BE spectra. 26, 27 The broad Cu LMM Auger peak observed at 916.8 eV kinetic energy (or 569.8 eV BE with Al K α ) can only be assigned to Cu 2 O but not to Cu, given that the corresponding Cu LMM feature for Cu is 1.4 eV higher. 26, 27 Although the Cu LMM Auger peak for CuO is also found to be between 916.0 and 917.0 eV, its contribution to the Cu LMM band is expected to be rather small given the observed weak intensity of the corresponding Cu 2p 3/2 photopeak at 934.7 eV. 25 In addition, the prominent O 1s peak at 532.4 eV BE can be assigned predominantly to silicon oxide (with only a rather weak contribution from CuO), while the well-defined, weaker O 1s feature at 530.6 eV can be unambiguously attributed to Cu 2 O. 25 Upon just 5 s of Ar ion sputtering, the weak Cu 2p 3/2 peak at 934.7 eV BE for CuO was completely removed, while the intense Cu 2p 3/2 peak at 932.8 eV with a fwhm of 1.3 3 eV has become more intense, likely due to the removal of the carbonaceous layer arising from sample handling in ambient conditions. Given that we observe (in a separate experiment) the Cu 2p 3/2 peak for a clean Cu(100) single crystal at 932.9 eV, with a fwhm of 1.0 eV, while that for Cu 2 O has been reported at 932.6 eV, 25 we perform further analysis in order to determine the nature of these Cu nanoparticles. The corresponding O 1s peak at 532.4 eV for silicon suboxide and that at 530.6 eV for Cu 2 O are well resolved. To calculate the surface composition of Cu to O, we integrate the O 1s feature at 530.6 eV and the Cu 2p feature and divide the resulting XPS areas by their corresponding relative sensitivity factors (0.66 for O 1s and 6.3 for Cu 2p). 30 We obtain a Cu:O ratio of 2.2, which indicates that the Cu 2p 3/2 peak after the 5 s of sputtering is mainly due to Cu 2 O, with only a minor contribution to the Cu signal from the metallic Cu core. The calculated surface composition also confirms our assignment of the broad Auger LMM feature at 916.8 eV kinetic energy primarily to Cu 2 O (and not CuO). Upon 15 s of sputtering, the two O 1s peaks are found to further decrease in intensity as expected, and the corresponding surface composition is estimated to be Cu 2.6 O 1 . This indicates that the Cu 2 O shell has become thinner, which in turn increases the relative Cu 2p 3/2 sampling contribution from the metallic Cu core (thereby increasing the observed relative Cu contribution correspondingly). For the Cu LMM Auger line, the emergence of a peak at 918.2 eV kinetic energy associated with metallic Cu is clearly observed. With increasing sputtering time, the Cu LMM Auger feature for Cu 2 O at 916.8 eV decreases in intensity, while that of metallic Cu at 918.2 eV becomes more intense. After 120 s of sputtering, the O 1s peak for Cu 2 O at 530.6 eV is completely removed, leaving behind a prominent Cu LMM peak at 918.2 eV kinetic energy attributable to the metallic Cu core. It has been suggested that reduction of CuO to Cu 2 O could be induced by Ar ion sputtering with 3-5 keV ion beam energy. 31 However, since the Cu 2p 3/2 peak of CuO at 934.7 eV is very weak while the Cu 2 O/Cu peak at 932.8 eV is dominant for the as-deposited sample, we could rule out the sputtering-induced reduction of CuO to Cu 2 O in our discussion.
Interestingly, sputtering for 120 s also causes the Cu 2p 3/2 peak to become broader and asymmetric to higher BE. Further sputtering to 500 s and to 1000 s considerably reduces the Cu 2p 3/2 feature with further broadening in width, revealing a new Cu 2p 3/2 peak (with 1.6 eV fwhm) at 933.5 eV, i.e. ∼0.7 eV higher in BE than that of metallic Cu (932.8 eV). This shifted Cu 2p 3/2 feature could be due to the emergence of a new species, possibly Cu silicide or Au-Cu alloy or both, and/or to a quantum size effect (as the Cu nanoparticles are becoming smaller with increasing sputtering time). In our recent work on Cu nanoparticles deposited directly on Si(100), 25 our depth-profiling XPS study showed that the metallic Cu core is also covered by Cu 2 O. We also found a BE shift in the Cu 2p 3/2 peak by +0.3 eV, with the peak width (1.1 eV fwhm) becoming smaller, but these changes occurred in the transition region from the Cu 2 O shell to metallic Cu core. 25, 26 Paszti et al. also performed similar experiments on a thin Cu film grown on Si(100), 32 and they found that the Cu 2p 3/2 peak broadens and shifts by +0.4 eV with increasing sputtering time, without any indication of Cu oxide formation. They attributed the XPS result not to the formation of Cu silicide but to a quantum size effect. As for the possibility of Au-Cu alloy formation, it was reported that no intermixing occurs at the Cu-Au interface for Cu islands electrodeposited on Au(111), while for the thermally evaporated Cu on Au under ultrahigh vacuum condition, there was evidence of intermixing. 33 For Cu-Au alloys prepared under various different conditions, [34] [35] [36] [37] [38] [39] [40] it has commonly been found that the Cu 2p 3/2 BE decreases while the Au 4f 7/2 BE increases, relative to those of the metallic Cu and Au, respectively. In particular, Santra et al. observed that the BE of the Cu 2p 3/2 peak shifts by −0.25 eV for thermally evaporated Cu on a Au substrate. 38 Kim et al. reported a Cu 2p 3/2 peak at 933.4 eV and a Au 4f 7/2 peak at 85.0 eV for AuCu 3 alloy nanoparticles (with an average size of 3 nm) prepared from a mixed Cu(NO 3 ) 2 and HAuCl 4 solution, 40 which correspond to a −0.2 eV and a +1.0 eV BE shifts from the respective Cu 2p and Au 4f peaks found for the Cu and Au nanoparticles, respectively. According to a theoretical calculation by Lekka et al., the Cu atoms gain 0.03 e − per atom while the Au atoms lose 0.13 e − per atom, with respect to their respective pure metallic forms, upon formation of the AuCu 3 alloy. 41 The +0.7 eV BE shift found for the new Cu 2p 3/2 feature at 933.5 eV would therefore reject the notion of formation of Cu silicide or Au-Cu alloy, which leaves the formation of a new chemical species or initial-state quantum size effect or both as the only plausible assignment(s).
In order to further resolve these two possibilities, we examine the depth-profiling Au 4f spectra (Figure 2, upper) , which evidently change in a very similar fashion as that found for Au NIs on a Si(100) substrate shown in our recent work. 23 Before sputtering, a dominant metallic Au 4f 7/2 peak at 84.1 eV and a minor peak (Au silicide) at 85.1 eV are observed. As the sputtering time increases, the Au 4f 7/2 peak at 85.1 eV corresponding to Au silicide becomes prominent. 23 The estimated Cu/Au stoichiometric ratios upon sputtering for 500 s, 1000 s, and 1200 s are 1/1.1, 1/2.9 and 1/3.6, respectively. The Cu/Au ratio decreases with increasing sputtering time due to the efficient removal of the top-lying Cu species than the underlying Au NIs. Upon 1200 s of sputtering, all the Cu 2p features have evidently been removed and only a weak Au 4f 7/2 peak of Au silicide remains. The new Cu 2p 3/2 feature with a +0.7 eV BE shift observed above could be due to initial-state electronic perturbation by Au and/or Si in the quantum size region.
Figure 2 (lower) shows the depth-profiling XPS spectra of Cu 2p 3/2 , Cu LMM Auger, O 1s, and Au 4f of Cu nanoparticles electrodeposited on PDI-functionalized Au NIs (shown in Figure 1C ). The as-deposited sample exhibits a single Cu 2p 3/2 peak at 932.9 eV, with a fwhm of 1.2 8 eV, the peak position and width of which remain unchanged upon sputtering for up to 30 s. Further sputtering to 60 s and 120 s reduces the intensity of the Cu 2p 3/2 peak and broadens the width to 1.4 2 eV and 1.4 8 eV fwhm, respectively, while the peak profile becomes more asymmetric. The asymmetric peak appears to contain at least two different species as discussed previously. Upon sputtering for 240 s, the photopeak position notably shifts to 933.2 eV, and the width further broadens to 1.5 2 eV fwhm. Similarly, the Cu LMM Auger feature also appears to shift to a lower kinetic energy position. After 500 s of sputtering, the Cu 2p 3/2 photopeak becomes symmetric and appears at 933.5 eV, with a width of 1.5 eV fwhm. Except for the rather stable intensity found for the Cu nanoparticles on PDI-functionalized Au NIs in the initial sputtering region (< 30 s), the subsequent spectral evolution with sputtering time (Figure 2 , lower) therefore follows that found for Cu on bare Au NIs (Figure 2, upper) .
To properly assign the Cu 2p 3/2 peak at 932.9 eV (i.e. to metallic Cu or Cu 2 O or both), we again examine the corresponding Cu LMM Auger spectrum, which exhibits a prominent metallic Cu feature at 918.1 eV kinetic energy, with no sign of Cu 2 O or CuO (at 916.8 eV). 26, 27 The peak position of this metallic Cu Auger feature also shows no discernible change with increasing sputtering time. Given that the Cu 2 O shell could be too thin to be identified from its Cu 2p 3/2 and Cu LMM Auger signals due to the overwhelming contribution from the metallic Cu core, we carefully examine the O 1s spectrum in order to identify the existence of Cu 2 O. Assuming that Cu 2 O is present, we fit the broad O 1s XPS spectrum of the as-deposited sample with two peaks at 532.4 eV and 530.6 eV, corresponding to silicon oxide and Cu 2 O respectively (Figure 2, lower) , and estimate the Cu:O ratio to be 23:1. This confirms that the amount of Cu 2 O on the Cu nanoparticles is negligibly small on the PDIfunctionalized Au NIs, essentially within the detection limit, and that the Cu nanoparticles so produced may be regarded as "shell-less", core-only metallic nanoparticles that are extremely resistant to oxidation. This is in marked contrast to the considerable amount found on the as-deposited Cu nanoparticles on bare Au NIs (with a Cu:O ratio of 2.2:1), which requires 120 s of sputtering for complete removal (Figure 2, upper) . Not surprisingly, the spectral evolution of the predominant silicon oxide O 1s feature (at 532.4 eV) for the Cu nanoparticles on PDI-functionalzed Au NIs follows that on bare Au NIs with increasing sputtering time.
The Au 4f XPS spectra of Cu nanoparticles on PDI-functionalized Au NIs (Figure 2, lower) is remarkably different from that on bare Au NIs (Figure 2, upper) . In particular, the Au 4f 7/2 band for the as-deposited Cu nanoparticles on PDI-functionalized Au NIs appears asymmetric and can be fitted with two peaks at 84.2 eV and 85.0 eV, corresponding to metallic Au and Au silicides, respectively, of the regions of the functionalized Au NIs not covered by the Cu nanoparticles. The AuSi component becomes comparable in intensity to the metallic Au component as the sputtering time increases from 60 s to 120 s and 240 s. Sputtering for over 500 s appears to remove most of the metallic Au component, and the corresponding spectral evolution with sputtering time (Figure 2 , lower) follows that on bare Au NIs (Figure 2, upper) . The Au 4f 7/2 BE difference between Au and AuSi for the PDI-functionalized Au NIs is 0.8 eV (Figure 2 , lower), which is 0.2 eV smaller than that (1.0 eV) found on Au NIs without PDI functionalization (Figure 2, upper) . In addition, for the as-deposited PDI-functionalized sample the Au 4f intensity of the AuSi component (at 85.0 eV) is substantial, when compared to that for bare Au NIs. The greater intensity of AuSi for PDI-functionalized Au NI sample could be due to that some of the exposed AuSi (during the HF treatment − see Experimental Section) upon functionalized by PDI become less favorable for Cu nanoparticle growth, compared to those exposed AuSi regions not functionalized by PDI. Furthermore, the Au 4f 7/2 photopeak of the AuSi component appears to further shift to a higher BE at 85.3 eV (Figure 2 ) upon sputtering for more than 500 s. This minor BE shift could be due to a quantum size effect.
Evidently, the adsorbed PDI molecules on Au NIs appear to act as a Cu oxidation suppressor (or a retardant), protecting the Cu surface, during the subsequent Cu deposition. Some discussion on the mechanism of the observed oxidization-resistant property of Cu nanoparticles on PDI-functionalized Au NIs is in order. Here, we propose two hypothetical growth modes: a Cu-on-Au direct growth (or Cu penetration) model, 42, 43 and a Cu-on-isocyanide indirect growth model. 43, 44 We examined the cyclic voltammetry and deposition current vs time data of Cu on bare Au and on PDI-functionalized Au NIs. For Cu electrodeposition on bare Au, it appears that the current vs time curve shows an instantaneous island growth mode at a less negative potential (e.g, −0.4 eV vs Ag/AgCl). On the other hand, the current vs time curve for Cu on PDI-functionalized Au exhibits a two-stage growth mode at a less negative potential: an apparently instantaneous homogeneous Au growth on top of (or underneath) PDI followed by Cu island growth. At a more negative potential (e.g, −1.2 eV vs Ag/AgCl), the two growth modes of Cu on bare and on PDI-functionalized Au NIs appear to be very similar. In the first scenario, a Cu ion could penetrate through the PDI adlayer on the Au NI and deposits directly on the Au NI surface not covered by PDI (pinholes) during the initial stage of electrodeposition. The neighboring PDI molecules could cover the deposited Cu atom, in effect shielding it from oxidation. As more Cu atoms penetrate through the PDI layer to continue the nucleation process, the Cu nanodeposit grows bigger and starts to cover the PDI molecules (Cu-on-Au "mushroom" direct growth). In the second scenario, the Cu ion could interact directly with the pendant isocyanide groups of the PDI adlayer (through formation of a strong Cuisocyanide chemical bond), 22, 45 which also leads to Cu nanodeposits covering the PDI adlayer (Cu-on-isocynaide indirect growth). Both of these scenarios could account for the lack of discernible N 1s signal found for the as-deposited sample in our XPS experiments. Furthermore, because PDI is an aromatic isocyanide molecule with -N + ≡C − functional groups, in which electrons are fully delocalized over the backbone, the positively charged Cu 2+ ions are more attracted to the more negatively charged PDI-modified Au NI surface than the bare Au NI surface, leading to preferential growth on the PDI-modified Au NIs. This more negatively charged PDI-functionalized Au surface also leads to a more gradual potential change of the Helmholtz and diffusion layers with distance from the surface than that for Cu nanoparticle deposition on the bare Au NIs. 46 The more negatively charged surface of the Cu nanodeposits on PDI-modified Au NIs could retard oxygen diffusion, thereby suppressing Cu oxidation. As the Cu nanodeposits grow in size, the effect of the negatively charged interface becomes less and Cu oxidation will consequently approach that on bare Au NI. To further evaluate these models, we are conducting further studies on metal electrodeposition on various metal nanoisland templates pre-functionalized by 1,4-phenylene diisocyanide.
Summary
The interfacial electronic structures of electrodeposited Cu nanoparticles on bare Au NIs are dramatically different from that on PDI-functionalized Au NIs, as elucidated by our SEM and XPS analyses. On the basis of our depth-profiling XPS data (for Cu 2p, Cu LMM Auger, and O 1s), a Cu nanoparticle on bare Au NIs could be described as a Cu-Cu 2 O-CuO core-shell-skin nanostructure, while that on PDI-functionalized Au NIs is mainly a metallic Cu core covered by an ultrathin layer of Cu 2 O, with no detectable CuO (Figure 3) . The remarkable lack of discernible oxidation of Cu on the PDI-functionalized Au can be explained by a Cu-on-Au direct growth model, or a Cu-on-isocyanide indirect growth model that suppresses oxygen diffusion thereby retarding Cu oxidation. The PDI molecule therefore acts as not only an electronic coupling linker between the Cu nanodeposit and the Au NI, but also a highly effective oxidation inhibitor for the deposited Cu nanostructure. For both Cu nanoparticles on bare and PDI-functionalized Au NIs, we also observed that the Cu 2p 3/2 peak broadens and shifts to a higher BE by 0.7 (± 0.1) eV than that of metallic Cu, upon sufficient sputtering for size reduction. Given that we found no evidence for the formation of Cu silicide and Au-Cu alloy, the observed BE shift could be attributed to an initial-state quantum size effect. Our present result therefore shows that appropriate organic functionalization of the metallic Au NI could have a significant effect on the chemical properties of Cu nanostructures in this bimetallic nanosystem. This fundamental finding could be potentially used in a molecular-electronics application involving an appropriate molecule sandwiched by two different metal electrodes without risk of electrode surface oxidation. In addition, the present work also offers new insights into the interfacial electronic structures, the chemical bonding, and the interactions between the metal contacts and the sandwiched molecule.
